Large displacement, large generated stress and easy fabrication process lead to the large industrial use of the magnetostrictive materials. However, the thermal expansion restricts their application in precise positioning, which is about 12 ℃ ⁄ and too much to be neglected. In this research, the cooling system was exploited in order to eliminate the joule heat generated by coils under the direct current and solve inaccuracy problem. The investigation consists of two parts; first was design and fabricating the actuator of Terfenol-D with length of 30mm which offers 10 displacement under the DC current of 1A, and second was the cooling system consisting of the thermoelectric cooler, heat sink and control circuit to inhibit the Terfenol-D temperature to be increased. Without the cooling system, as the time was going on and the Terfenol-D was warming up, after about two hours the displacement reached to 68 which deteriorated the accuracy of positioning significantly. By applying the cooling system, the displacement was maintained in 10 with the tolerance of ±1 , which realized the precise positioning by the Terfenol-D actuator.
Introduction
Recently, needs of precise positioning in developing the systems acting at the micro-or nano-scale, have been increased in various industrial fields such as ultra-precision machine tools, micro motors, micro pumps, robotics, biomedical engineering, etc. In order to generate precise displacements piezoelectric actuators are widely used due to the high resolution and high bandwidth that they can offer. On the other hand, they have some restrictions which make magnetostrictive materials be more efficient. GMM has the output power several times and the displacement several ten times more than PZT. In general, GMMs have some special characteristics in comparison with PZTs which make them efficient functional material in actuators and sensors. These properties are as following: 1) large displacement, 2) large generated stress, 3) high Curie temperature, 4) simple fabrication process, 5) remote actuation (noncontact driving) (Ho-Mun, 2004; Andani et al., 2014; Hadi et al., 2014; Moghaddam et al., 2014; Hayato & Hiroshi, 2013) .
For achieving the precise positioning, the different losses have to be taken into the account in designing the actuator. These losses are hysteresis losses, eddy current losses in active material and resistive losses in drive coil. Hysteresis and eddy current losses happen when the driving current is AC, however, the latter happens in both AC and DC currents. The heat generated by drive coil, known as Joule heat, is computed (Hyun-Mo, Yeon-Ho & Song, 2013) = . Since the precise positioning in actuator is objective, the direct current is applied, thereby the only loss affecting the accuracy of positioning is Joule heat.
By increasing the temperature of the driving coil, Terfenol-D expands and regarding to the expansion coefficient which is 12 ℃ ⁄ (Grunwald, 2008) for Terfenol-D, the accuracy of actuator significantly demolishes. Eda et al. (Eda, Sahashi, Kobayashi & Ikawa, 1992 ) applied a water cooling device in GMM actuator for an ultraprecision machine to solve the joule heat problem. The cooling water device was made of copper tube of diameter 2mm and incorporated to isolate the heat between the driving coil and magnetostrictive rod. Kellog (Kellogg, 2000) , in order to eliminate the joule heat, designed and fabricated water-cool transducer such that Terfenol-D rod was located in the center and immediately surrounding the rod was a drive coil, and the cooling tubes were encased exterior to the drive coil. At the same time, he also designed air-cooled transducer so that Terfenol-D rod resided at the center and immediately surrounding the rod an air gap was located which let cooling air-flow be passing through. These models had some disadvantages, such as the big size of transducer, decreasing the cooling capacity of fluid over time, pumping fluid, etc. In this paper, thermoelectric cooler was applied for overcoming these problems and eliminating the heat generated by coil. TEC has no moving part making it vibration-and noise-free element. Cooling is achieved by passing the current through the thermoelectric materials, and the magnitude of the current specifies the rate of cooling (Annapragada, Kolodner, Marc & Suresh, 2012; Esfahani et al., 2016; Moghaddam et al., 2016; Raad, Moghaddam & Elahinia, 2016 ) , which leads to precise temperature control. Figure 1 shows the cooling layout of the actuator schematically. The cold side of TEC is attached to the actuator and the hot side is connected to the heat sink and fan. In that case, the heat generated by the coils is absorbed by the TEC and released to the ambient through the heat sink and fan. The magnetostrictive actuator has been designed based on known dimensions of Terfenol-D with the rectangular cross-section (each side 2mm and length 30mm) and simulated in ANSYS FEA. The task of optimization of the design was achieved with respect to various aspects like magnetic, thermal and structural simultaneously. For an improved accuracy, the indirect method was applied for coupling magnetic, thermal and structural analysis so that the result of magnetic analysis became loads for the thermal analysis and the thermal result became loads for the structural analysis. The structure of magnetostrictive actuator in simulations is shown in fig. 2 . In this structure, Terfenol-D was implanted at the center and surrounded by the permanent magnets which provide a magnetic bias field and help to achieve desirable functionality and linear response, and the driving coil was located surrounding the magnets and excited by the DC current. TMC (Grunwald, 2014 ) (Terfenol-D-magnetcoil) layout was chosen for a couple of reasons. Firstly, in that case, there is a maximum distance between Terfenol-D and coil. Also, coil is in the adjacent of the thermoelectric cooler which leads to the efficient cooling.
Design, Analysis and Manufacturing
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Figure 2. Terfenol-D actuator model in Ansys
The distribution of magnetic flux in the magnetostrictive rod is an important factor has to be considered in the design of the actuator. The uniformity and linearity of magnetic intensity determines the sensitivity and linearity of the output motion (Wang, Liu & Yao, 2006) . In the simulations, the number of coils is 600 and the applied current density is = 4 10
. Figure 3 shows the total magnetic flux density caused by permanent magnets and coil. The distribution of the magnetic flux is uniform which means that the displacement coefficient is almost constant in every points of the magnetostrictive rod. In the present design, Terfenol-D reaches to saturation point. Fig. 4 shows the Joule heat generated by the coil under the direct current and is described as Vol. 10, No. 9; 2016 238 For understanding the rate of heat expansion, transient analysis was also done. Fig. 7 depicts the rate of increasing the temperature in Terfenol-D. According to the analysis, the system needs almost two hours to reach the steady state position. 
Manufacturing of the Actuator
According to the Ansys analysis, the actuator was designed and manufactured. The couplers were machined and the groove was generated by Spark, so the Terfenol-D can be located on the bulge. The alignment component was machined, and the rectangular hole was generated by wire cut. The copper case was manufactured by the lathe. Fig. 8 shows a) actuator's components, b) the actuator. 
Design and Analysis of TEC
As the thermal performance of thermoelectric cooler depends on the sufficient dissipation of the heat from the hide side, the design of heat sink should go under consideration. The heat released from the actuator is absorbed by the cold side of a thermoelectric cooler, and pumped to the hot side. The pumped heat with the input power to the cooler is then extricated to the ambient through a heat sink (Huang & Duang, 2000) . , cooling load, which is conducted from the cold side to the hot side, should be greater than the heat generated by the coil for the proper cooling. The further simulations are required in order to selecting the sufficient thermoelectric cooler and heat sink. For the simulations, the temperature of the hot and the cold sides should be determined first as the boundary conditions. A simple experiment was done to get these temperatures by selecting TEC 12704, with 127 pair of semiconductor elements, the Aluminum heat sink (77mm× 67mm, fin thickness= 0.6, fin length= 30mm and fin number=25) and the fan with 4.8 watt power. By applying the current of 3.3A (determined in datasheet as a maximum value) to TEC the temperatures of the hot and the cold side of the TEC were extracted 62℃ and 4℃ respectively. Ansys analysis was run according to the experimental data. The temperature distribution and the value of the cooling load were shown as a fig. 9 . was obtained -13.802 W, minus sign indicates that the heat released from the hot side. According to the previous analysis, the joule heat was obtained 480000 which in the selected coil leads to: 480000 14 9 30 10 = 5.2
Since cooling load of the thermoelectric cooler is bigger than the amount of joule heat generated by the coil, the selected TEC, fan and heat sink is satisfying. 
Temperature Control of the Actuator
Since the purpose of this paper is the precise positioning of actuator in micro scale, the efficient feedback controller should be exploited. The temperature of the Terfenol-D needs to be maintained at a constant and stable value near to the room temperature under variable currents applied to the driving coils. Two TEC with two heat sink and two fans are located at the two sides of the copper case and a thermally-conductive silicon paste are applied on the heat and cold sides of the TEC to minimize contact resistances. Since the driving coils are surrounded by the copper case, the generated heat will be absorbed and released through the TEC to the ambient before affecting the temperature of the Terfenol-D. By maintaining the temperature of the copper case at the constant value, the Terfenol-D temperature is almost controlled. The temperature sensor SMT 160 is mounted to the copper case. SMT160 is a three-terminal integrated temperature sensor with the output signal in pulse width form. Due to the nonlinearities of the system (consisting of TEC, heat sink and fan, which are connected to the hot side, and the actuator connected to the cold side), deriving the mathematical model is not that simple. For a better controller design, the dynamic model of the system should be known first, therefore a computational intelligent system identification techniques in MATLAB has been adopted to understand the dynamic behavior of the system. Parametric system identification is a method of control and prediction of a real physical system, which is defined by the model structure and parameters from input and output data of the system to describe the real physical system (Nurul, Nurul & Toha, 2013) (Huang, 2000) . The input data of the system was variable values of voltage and the output data was corresponding temperature of actuator taken with the SMT160. For having the measurements of the input and the output, PIC18F452 was exploited as a microcontroller and the written program was compiled in MicroC software. It is so important to make the collected data almost continuous in an appropriate sampling time to represent the actual system. The input voltage varying from zero up to 11.2v with the small increment of 0.05v and the sampling time of 3 seconds, was applied to the system by PWM of the microcontroller and the corresponding temperatures were taken by the temperature sensor, and both recorded at the computer. In order to filter the noises, a filter with the cutoff frequency of 72.34HZ was used before recording the data. Figure 10 shows the voltage and corresponding temperature data of the system. These particular input voltages and output temperatures were then loaded to the system identification system toolbox in MATLAB in order to define the transient behavior of the system. It is crucial to derive the mathematical model of the system with the proper order because improper lower order model may bode that the mathematical model is inadequate, while improper higher order model may augments the uncertainties. Due to the sampled experimental data, the discrete time domain was exploited and the transfer function of the system is achieved in z-plane as:
According to the slow dynamic of the system, TEC demands a low bandwidth controller. Simple ProportionalDerivative-Integral (PID) control almost suffices to gain precise closed-loop performance. The proportional term provides rapid closed-loop transient response to step changes in the temperature set point and fast rejection of thermal disturbances. The integral term provides zero steady-state error with a constant temperature set point and constant disturbances. The derivative term reduces transient overshoot and oscillation in the temperature when set point is changed from one value to another (Alter, 2003; Rahmanian et al., 2014; Shayesteh, 2015) .
Based on the achieved transfer function of the system, PID terms were derived in Matlab PID tuner. The value of P, I and D terms are -1234, -0.8 and zero respectively. As the set point is constant, PI controller engenders precise control. In this work, the control signal takes the form of pwm outputs from the PIC microcontroller and the set point is fixed at the 22 ℃. Therefore the temperature of the actuator is maintained at this value with the tolerance of ± 0.5 ℃.
Results and Discussion
In this experiment, the purpose was determination of the displacement of the Terfenol-D under the current of 1A (the maximum value can be applied to the driving coils). For measuring the displacement of the actuator, laser gap sensor with the accuracy of 1 was exploited. At the beginning, Terfenol-D actuator generates 10 displacement to the response to the current of 1A, by continuing the given current, coils start to heat and following the rises in the temperature, the thermal expansion takes place, which deteriorates the accuracy of the actuator. The displacement of the actuator was taken every 30 seconds for two hours. Figure 11 shows the displacement of the actuator during this 2 hours. As the figure 11 shows, the actuator reaches to its steady states after about 2 hours, which is in accordance with Ansys analysis as shown in figure 7 . The displacement of the actuator was 68 micrometer during 2 hours, that first 10 micrometer was because of the magnetostriction and 58 micrometer was the result of the heat expansion. The next experiment was done with the cooling system to reduce the heat expansion and improve the accuracy of the actuator. The measurements are done every 30 seconds, same as the previous measurements, for 1 hour, since the maximum temperature rise happens in the first minutes. Figure 12 shows the process of measurements along with the cooling system. Figure 13 shows the displacement of the actuator with and without the cooling system. By eliminating the heat expansion, the displacement of the actuator was remained in 10 micrometers with the tolerance of ±1 which was just because of the magnetostriction of Terfenol-D under the applied current of 1A. Thus the intention of precise positioning was realized. 
Conclusions
This research consists of two main parts; Terfenol-D actuator and cooling system. The process of design and fabricating the actuator was so that the precise positioning could be realized. TMC layout was chosen for the actuator to provide the maximum distance between Terfenol-D and coil. In order to decrease the required current and consequently the joule heat for achieving the specified displacement, the permanent magnet was exploited. At the cooling system, the performance of TEC depends to the sufficient releasing of the heat from the hot side, so that the selection of the heat sink and fan was done carefully. In Ansys analysis the displacement caused by heat expansion was extracted 45 , however, in the measurements the displacement reached to 58 , which was enormously big Compared with magnetostriction, 10
. By applying the heat control system, the displacement of the actuator was dependent only to the magnetostriction and kept 10 with the tolerance of ±1
.
